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Alternative transcription initiation of Lon1 generates two differentially 129 expressed transcripts 130
In a previous study, the mutants of Arabidopsis Lon1 protease showed growth 131 retardation and impaired seedling establishment (Rigas et al., 2009a) . The mutant 132 phenotype was complemented by Lon1 (At5g26860) genomic locus containing also a 133 promoter region of approximately 2000bp. Translation fusion of the existed cDNA 134 clone U19013 with YFP ( Figure 1A ), under the control of the CaMV35S promoter, 135
showed exclusive protein targeting to mitochondria. However, meticulous 136 examination of Lon1 5' genomic sequence revealed an upstream in-frame translation 137 initiation codon ( Figure 1A ). This N-terminal extension bears 45 amino acid residues 138 corresponding to a putative chloroplast transit peptide followed by the mitochondrial 139 presequence ( Figure 1B ). An updated search of Arabidopsis cDNA databases revealed 140 the presence of BP826885 EST at position +3 without the two in-frame codons 141 ( Figure 1A) . 142
143
To identify Lon1 transcripts containing both translation initiation codons, a 144 comparative qualitative expression analysis was performed. Using F1 forward primer 145 annealing upstream the first translation initiation codon a long Lon1 transcript, 146 hereinafter referred to as Lon1L, was profound in leaves and in young seedlings 147 grown in dark following seed germination under normal conditions ( Figure 2A and 148 Supplemental Table 1) . A cross check analysis using the F2 forward primer, annealing 149 to the sequence context of the second AUG was performed to monitor total Lon1 150 mRNA expression pattern. Contrary to Lon1L, gene expression analysis revealed a 151 transcript that was predominantly abundant under a set of combined stress hypoxic-152 like conditions when seedlings were grown devoid of light in liquid media and under 153 elevated temperature, hereinafter referred to as Lon1S ( Figure 2A and Supplemental 154 Table 1 ). These results strongly suggest the presence two differentially expressed 155
Lon1 transcripts, the long Lon1L and the short Lon1S, which are generated by 156 conditional selection of transcription start sites (TSS).6 abundant in response to light regime changes (Figure 2A ), the 5' amplification of 161 Lon1L cDNA ends was performed using template RNA isolated from seedlings grown 162 in darkness after being exposed to light till germination. The analysis using the 163 reverse primer R2 resulted in three major PCR products ranging from approximately 164 75 to 100 bp in length ( Figure 2B ). Sequencing analysis showed that the longest in 165 size product corresponded to the most distal TSS of Lon1L located at position -38, 166 whereas the intermediate in size product mapped at -13 most likely representing a 167 truncated 5'-UTR transcript ( Figure 1A ). The TSS of the lowest in size band mapped 168 at position +3 similar to BP826885 EST. The 5'-end of Lon1S that is predominantly 169 expressed under hypoxic-like conditions ( Figure 2A ) was mapped by using the 170 reverse primer R1 and revealed a single PCR product of approximately 320 bp in 171 length with the same TSS as BP826885 EST at position +3 (Figures 1A and 2B) . Table 1 ). These 182 findings raised the issue of quantitative Lon1 gene expression analysis. To 183 experimentally address this issue, the level of Lon1L transcript was assessed in 184 comparison to total Lon1 expression (Supplemental Table 1 ). The analysis was 185 performed on leaves isolated from juvenile plants grown upon different light-dark 186 regimes and showed that the level of Lon1L transcript was significantly lower 187 compared to Lon1S ( Figure 2C ). Moreover, the expression of Lon1L was 2.5 fold 188 higher when plants were grown in continuous darkness for a week compared to these 189 grown under normal photoperiod. Upon transition from dark to light the abundance of 190 Hap complex in regulating gene expression for adequate response to oxidative stress 195 (Thön et al., 2010) . In dark-grown plants, a phytochrome-regulated complex could 196 bind to REa (AACCAA) or GATA (AGATAA) elements (Degenhardt and Tobin, 197 1996) 3A-E). However, few chloroplasts accumulated the Lon1 protein in contrast to 208 mitochondria. Given the critical role of Lon1 in mitochondria (Rigas et al., 2009a; 209 Solheim et al., 2012) To gain further insights into Lon1 dual targeting, it is important to first understand the 230 mechanism that controls selective translation initiation by the two in-frame codons. 231
To experimentally elucidate this mechanism a series of N-terminal deletion variants of 232
Lon1 protein fused to YFP and expressed under the control of the CaMV35S 233 promoter, were assessed for organelle targeting (Supplemental Table 2 ). The Lon1LS-234 YFP construct encompassing the two in-frame AUG codons, was simultaneously 235 targeted to both chloroplasts and mitochondria ( Figure 4A Figure 4C ) due to exclusive translation initiation from the second AUG 261 9 context and not from an upstream non-AUG that could lead to dual protein targeting 262 (Kozak, 2005; Christensen et al., 2005; Wamboldt et al., 2009; Simpson et al., 2010 Figure 5A and 5B), albeit full complementation has been accomplished 277 by the Lon1 genomic locus (Rigas et al., 2009a) . Comparatively reported successful complementation by the Lon1 genomic locus (Rigas et al., 2009a) . introduced to the C-terminal of the constructs (Supplemental Table 2 ) to clarify the 297 organellar specific location by western blot analysis of proteins isolated from percoll-298 purified intact chloroplast and mitochondria subfractions ( Figure 5D) (Rigas et al., 2009a) . To assess whether Arabidopsis 310
Lon1 twin presequences could complement the yeast mitochondrial respiratory 311
incompetence, several constructs were tested. Both AtLon1LS construct containing 312 the wild-type configuration of two AUGs and AtLon1SS having in tandem the second 313 wild-type context, successfully complemented the yeast phenotype ( Figure 6A ). 314
However, non-complementary results were obtained using AtLon1L [ΔS] and 315
AtLon1S [ΔS] constructs in which the AUG initiating the synthesis of mitochondrial 316
Lon1 isoform was deleted ( Figure 6A ). Transient expression analysis in tobacco 317 epidermal cells revealed that these two constructs led to exclusive Lon1 targeting to 318 chloroplasts (Supplemental Figure 1) . The heterologous expression analysis in yeast 319 transformants showed that the AtLon1 gene was expressed in Saccharomyces 320 cerevisiae strains ( Figure 6B ). These results demonstrate that in yeast, leaky ribosome 321 scanning occurs around the non-optimal and the optimal AUG sequence contexts 322 derived from Arabidopsis Lon1 gene. The two plant AUG sequence contexts deviate 323 extensively from the consensus sequence around the AUG initiation codons in 324
Saccharomyces cerevisiae mRNAs (Hamilton et al., 1987) . Taken together, the 325 Arabidopsis Lon1 chloroplast transit peptide is not recognized by the yeast 326 mitochondrial import apparatus corroborating the results of exclusive chloroplast 327 targeting (Supplemental Figure 1) . 328
Twin presequences for dual targeting are evident but rare in Arabidopsis 330
The information gained from Lon1 gene configuration was impetus for bioinformatics 331 analysis of the Arabidopsis genome to identify candidate genes with twin 332 presequences for dual-organellar targeting. The computer-based algorithm for the 333 analysis was designed relying on the subsequent criteria obtained from Arabidopsis 334
Lon1 experimental data (Supplemental Methods). First, the candidate gene should 335 contain two AUGs in-frame. Second, the sequence context of the first AUG should be 336 weak compared to the strong context of the downstream AUG initiation codon. Third, 337 the deduced translated sequence extending from the first AUG till the downstream 338 AUG and that downstream of the second AUG should be a potential chloroplast 339 transit peptide and mitochondrial presequence or vice versa, respectively. This 340 analysis identified a small set of 19 genes with twin presequence configuration 341 (Supplemental Table 3 optimal consensus for plants (Kozak, 1987; Lütcke et al., 1987; Kim et al., 2014) . In 352 particular, the lack of guanine and cytosine at +4 and -2, respectively, and the 353 prevalence of thymine at -1 and -3 are the most striking features that differentiate the 354 weak AUG context from the strong annotated initiation context ( Figure 7B ). This 355 configuration of AUG contexts allows translation initiation at the first in-frame AUG 356 generating a long isoform to be targeted to one organelle, while translation initiation 357 at the downstream strong AUG context generates a short rather prominent isoform to 358 be targeted to the other organelle. proteins, respectively (Millar et al., 2006) . However, the unexpectedly frequent 388 process of protein dual-targeting to both organelles makes it difficult to depict a clear 389 picture. The dual-targeting mechanism of protein isoforms encoded by a single gene 390 to chloroplasts and mitochondria is common due to their endosymbiotic origin 391 (Danpure, 1995; Peeters and Small, 2001; Silva-Filho, 2003; Mackenzie, 2005; Carrie 392 et al., 2009; Carrie and Small, 2013) . Even though the number of dual-targeted 393 13 proteins is increasing, little information is available regarding the mechanisms that 394 control this phenomenon in plants. 395 
396
In this study, live cell imaging approaches together with biochemical analysis provide 397 multiple lines of evidence for Lon1 dual-targeting to chloroplasts and mitochondria 398 through alternative translation initiation. The first AUG of Lon1L mRNA initiates 399 translation of the Lon1 isoform targeted to chloroplasts, whereas the second AUG 400 initiates the translation of the mitochondrial isoform. Although both Lon1 isoforms 401 are biologically significant, the mitochondrial isoform plays the protagonist role in 402 post-germinative growth and seedling establishment. Nevertheless, Lon1 403 accumulation in chloroplasts reveals an elegant and specialized functional role that is 404 potentially associated with an organelle-specific homeostasis status. The translocation 405 of Lon1 to a small fraction of chloroplasts under normal growth conditions lowers the 406 possibility for this protein isoform to be annotated by proteome analysis. Lon4 is also 407 targeted to chloroplasts and is involved in protein quality control in this compartment 408 (Sakamoto, 2006; Ostersetzer et al., 2007) , though conclusive evidence in terms of 409 proteomics is still missing (Baginsky et al., 2004 ). Moreover, the low level of Lon4 410 gene expression or Lon1L mRNA encoding for the chloroplastic protein isoform 411 together with the high degree of protein sequence homology are drawbacks to 412 discriminate between Lon1 and Lon4 proteins. Even though the clones encompassing 413 either the Lon1 genomic locus (Rigas et al., 2009a) or both AUGs resulted in full 414 complementation of lon1-1 mutant, neither of the two protein isoforms, when targeted 415 to a single compartment, was capable to fully restore the defects of lon1-1 seedlings. 416
These results strongly suggest that even this small fraction of chloroplasts containing 417 the Lon1 isoform is crucial together with the mitochondrial Lon1 isoform to exert the 418 physiological role for full complementation. results in a single translational product (Sakamoto, 2006; Ostersetzer et al., 2007) . 464
Multiple sequence alignment of the N-terminal region categorized the plant Lon 465 protein homologues into three groups (Supplemental Figure 3) . Targeting 
RNA isolation and analysis 568
Total RNA was isolated from plant tissues using the phenol-sodium dodecyl sulfate 569 (SDS) extraction method as previously described (Rigas et al., 2009a) . Extraction of 570 total RNA from the yeast cells was performed by the hot phenol extraction method 571 reported by Vijayraghavan et al. (1989) . RNA concentrations were determined 572 spectrophotometrically and verified by ethidium bromide staining on agarose gels. 573 DNA was eliminated with RQ1 RNase free DNase (Promega, Madison, WI, USA). 574
Reverse transcription (RT) was performed on 3 μg of total DNA-free RNA using 575 Superscript II Reverse Transcriptase (Invitrogen) according to the manufacturer's 576 protocol. First-strand cDNA synthesis and RT-PCR analysis for each transcript were 577 performed using the pair of gene-specific primers shown in Supplemental Table 1 . Three biological and at least eight technical replicates were performed for quantitative 594 PCR reactions using the pair of gene-specific primers shown in Supplemental Table 1 . 595
Quantitative real-times assays were performed using the ΔΔCt method of relative 596 quantification as described previously (Daras et al., 2009) . 597
598
The 5' rapid amplification of Lon1 cDNA ends was performed using the SMART 599 Table  647 2. The final constructs were fully sequenced to confirm that translational fusions were 648 correct. 649
650
The Agrobacterium tumefaciens strain C58C1 Rif The plant specimens of T 2 or T 3 Arabidopsis thaliana transgenic lines and tobacco 670 leaf epidermal cells were mounted between a slide and cover-slip in tap water and 671 examined using an Olympus BX-50 (Olympus, Tokyo, Japan) light microscope 672 equipped with epifluorescence. The mitochondrial specific fluorescent dye 673
MitoTracker CMTMRos (Invitrogen, Paisley, UK) was applied at 10nM for 30 min 674 on 4-d-old seedlings. The primary roots were washed several times with 0.5× MS 675 liquid medium and prepared for microscopic observation. YFP fluorescence was 676 visualized as described previously (Rigas et al., 2009a) . 677 678
Protein extraction and immunoblotting 679
Preparation of intact chloroplasts and mitochondria was performed from 30g tissue 680 according to the grinding buffers and instructions provided by Ferro et al. (2003) and 681 Day et al. (1985) , respectively. Lysis of organelles for protein isolation was performed 682 in protein extraction buffer (50mM Na 2 HPO 4 , pH 7.0, 2% SDS, 10mM Na 2 EDTA, 683 Rabbit polyclonal affinity purified serum against IDH (Agrisera, Vannas, Sweden) 693 and CYTB6 were used in 1:5000 and 1:3000 dilutions, respectively. After three 694 washings with TBST, the blots were incubated with 1:10000 diluted goat anti-rabbit 695
IgG-HRP secondary antibody (Santa Cruz Biotechnology, California, USA). Western 696 blot detection was performed with chemiluminescence Luminol reagent (Santa Cruz 697
Biotechnology, California, USA) by exposure to UltraCruz blue autoradiography film. 698
The Bradford assay protein quantification method was applied to determine the 699 concentration of proteins in the samples (Bradford, 1976) . The values range from 0 (no prediction score) to 1 (highest score probability). expression. The RNA was isolated from juvenile plants grown for 3 weeks under normal photoperiod (i), for 2 weeks under normal photoperiod followed by 1 week in darkness (ii), and grown as in ii followed by 6h under constant light (iii). Error bars represent standard deviations of the means. *Indicates significant differences (t-test) of condition ii compared with i and iii (P ≤ 0.05). Further information for primers and techniques is provided (see Supplemental Table 1 and 'Methods' section). Table 1 . Oligonucleotides for gene expression analysis. Table 2 . Primers for the Lon1 constructs. Table 3 : Genes with twin presequences for dual protein targeting identified by Arabidopsis genome computational analysis.
Supplemental
Supplemental Methods:
In-silico prediction analysis and bioinformatics search. The values range from 0 (no prediction score) to 1 (highest score probability). GAPDH gene is the internal control for normalization, while gDNA indicates the genomic DNA amplification product. Reactions with no template RNA reverse transcription (no-RT) were performed to ensure that genomic DNA contamination is eliminated.
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